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Abstract 
Several hypotheses concerning the dominance of percids under 
mesotrophic lake conditions were tested in five lakes of intermediate 
trophic state, situated in northeastern Germany. In contrast to predic- 
tion, the fish communities in four lakes were dominated by cyprinids 
(roach, Rutilus rutilus and bream, Abramis brama), while percids 
(Eurasian perch, Percafluviatilis) dominated inone lake only. Percid 
biomass was not positively related to macrophyte cover, and age-0 
perch exhibited no switch from zooplankton tobenthic prey during 
summer in all lakes studied. Perch of the size-class 100-150 mm 
were partly piscivorons in the lakes not dominated by perch, while 
they were more benthivorous in the other. Perch larger than 150 mm 
were piscivorous in all lakes, though those in the lake dominated by 
perch had to a large extent consumed benthic invertebrates in spring. 
Roach utilized macrophytes instead of bluegreen algae as an impor- 
tant food resource and otherwise were mainly benthivorous. Thus, 
important predictions concerning the structure of fish communities 
in mesotrophic Eurasian lakes could not be verified by this study. 
Introduction 
The increasing eutrophication of northern temperate lakes 
during the second half of the last century has unarguably been 
one reason for the decline of commercially important fish 
stocks. COLBY et al. (1972) compared fisheries tatistics and 
found overexploitation a d eutrophication to be linked simul- 
taneously with the declining catches of salmonids. These 
findings were supported by HARTMANN (1977a, b) who de- 
scribed a shift from a dominance of salmoniformes (includ- 
ing coregonids) in European lakes to one of percids and a fur- 
ther shift from a dominance of percids to one of cyprinids 
with increasing eutrophication. A subsequent s udy using un- 
biased data from 13 Swedish lakes (PEkSSON et al. 1991) con- 
firmed the succession pattern along a productivity gradient 
described in the earlier studies. 
Increasing productivity leads to an increase in sedimenta- 
tion of organic matter (WETZEL 1983) which leads to reduced 
oxygen and increased sulphide concentration atthe sediment 
surface and, as a consequence, to reduced survival rate of 
coregonid eggs during winter (Mr2LLER 1992). While this di- 
rect effect of increased productivity can partly account for the 
decline of salmonid populations, no comparable explanation 
has been found for the decline of percid populations. 
For European lakes a mechanistic model was postulated 
(PERSSON 1986a; PERSSON & GREENBERG 1990) to explain the 
dominance of cyprinids (roach, Rutilus rutilus (L.)) over per- 
cids (Eurasian perch, Perca fluviatilis L.) in small eutrophic 
lakes. The roach is able to utilize bluegreen algae and detritus 
as food resources (PERSSON 1983a) and thus can avoid com- 
petition from the perch which is a more efficient competitor 
for benthic invertebrate food resources in structurally com- 
plex environments (DIEHL 1988). At the same time the roach 
is the superior forager for zooplankton compared to the perch 
(PERSSON 1986b). Due to these abilities of the roach and the 
intraspecific ompetition from older age classes, the age-0 
perch are forced into a juvenile bottleneck during their first 
summer (PERSSON 1983a, b, 1986a, 1987; BYSTROM et al. 
1998). As a consequence they exhibit slow growth and re- 
cruitment to piscivorous ize classes is limited. 
From this model several hypothesis were derived to ex- 
plain the dominance of the perch at intermediate l vels of 
productivity (PERSSON 1988, 1994). Submerged macrophytes 
which show a negative relationship with increasing phyto- 
plankton productivity (e.g. JEPPESEN et al. 1990) play a key 
role within these hypotheses. On the one hand they offer a 
food resource (benthic invertebrates) which is exploited more 
efficiently by perch (DIEHL 1988; PERSSON 1993) and on the 
other macrophytes offer a refuge from predators (e.g. SAVINO 
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8z STEIN 1982; EKL6V & HAMRIN 1989; PERSSON & EKL0V 
1995). The ability of perch to forage in structurally complex 
environments leads to better growth of juvenile perch relative 
to that of juvenile roach (PERsSON 1991), and as a conse- 
quence mortality is reduced and the piscivorous stage is 
reached earlier in contrast o lakes with low structural com- 
plexity. Bluegreen algae, common in eutrophic lakes, are no 
alternative resource for roach in mesotrophic lakes, which is 
expressed in slower growth and higher mortality rates. A re- 
duced roach stock enables the age-0 perch to feed on zoo- 
plankton, releasing them from their bottleneck during sum- 
mer and consequently enhancing rowth (PERSSON 1986a). 
In this study our aim was to test whether i) perch biomass 
is related to structural complexity ii) age-0 perch are released 
from intraspecific ompetition from roach for zooplankton 
during their first summer iii) juvenile perch reach the piscivo- 
rous stage early and iv) perch dominate the fish community 
by biomass under mesotrophic lake conditions. 
Materials and Methods 
Study sites and limnological variables 
Five mesotrophic lakes within the Schorfheide/Chorin biosphere re- 
serve situated approximately 100 km north of Berlin (Germany) were 
chosen from an earlier study (ECKMANN 1995) (Table 1). We based 
the term mesotrophic on the general classification given by WETZ~L 
(1983) as the range of 10.9-95.6 lag L -~ Total-P (TR mean 26.7 
lag L-Z). To confirm the results of an earlier study where the samples 
were taken during summer stratification, TP (as a measure of poten- 
tial productivity) was determined in each lake during spring mixis in 
1995 and 1996. Secchi depth was measured at monthly intervals 
from April to September 1994 and 1995. Relative cover of the littoral 
zone with submerged macrophytes was classified visually by scan- 
ning the entire littoral sediment surface (potential macrophyte sub- 
strate) at regular intervals from a boat in summer 1994. In Wer- 
bellinsee this was restricted to the southern part of the lake on a 
stretch of ca. 4 kin. Reed belt extension along the shoreline was de- 
fined as the relative proportion of the lake shore covered by emergent 
macrophytes. Shoreline development factor (SLDF) and lake area 
were taken from ECg~V~ANN (1995). The largest lake was exploited 
moderately by commercial and recreational fishery, while the four 
smaller ones were not affected by human use. 
Food resources 
Zooplankton samples were taken at monthly intervals (April- 
September 1994) as vertical hauls of the total water column with an 
Apstein plankton net (200 jam mesh). Total crustacean zooplankton 
biomass was estimated by backcalculating dry mass with length- 
mass relationships given in BOTTRELL et al. (1976). Benthic inverte- 
brates were sampled at the same time intervals with an Ekman-Birge 
grab (150 x 150 ram) at three depths: 0.5-1 m, 34  m and 6-10 m. 
Three samples at each depth were taken and pooled before further 
analysis. Total benthic invertebrate biomass was backcalculated ac- 
cording to length-mass relationships given in RADvm (1998). 
Fish community and food analysis 
The structure of the fish community was determined by setting gillnet 
fleets (12, 16, 20, 25, 32, 40, 50 and 60 mm bar mesh) at a depth of 
3-10 m overnight once a month in each lake from April to September 
1994. Fish >200 mm were measured to the nearest 5 mm, fish <200 
mm to the nearest mm (total length) and all fish were weighed to the 
nearest g. The catch of each net was standardised toa net area of 100 m 2 
and summed to the total annual catch per lake. Opercular bones of 
perch were taken from a random subsample and used for age determi- 
nation and length backcalculation (LE CREN 1947). The opercular- 
length relationship for each perch population isgiven in RADKE (1998). 
Backcalculated lengths were pooled for each age class and lake. 
Food analysis of adult fish was performed for perch and roach 
from Grol3er V~itersee, Kleiner D611nsee and Werbellinsee. Guts to be 
used for food analysis were removed from a random subsample of 
fish from each net and fixed in 5% formalin. The content of the stom- 
ach (perch) or anterior third of the intestine (roach) was analysed 
under a dissecting microscope. The relative proportion of the volume 
of the food categories plankton, benthos (exc. crayfish and mol- 
luscs), crayfish (Orconectes Iimosus), molluscs, detritus and plant 
material was estimated visually for each fish. 
Age-0 perch were caught with gillnets (8 and 10 mm bar mesh) 
set for two hours after sunset in each lake in August and September 
1995. The fish were killed and preserved in 5% formalin for food 
analysis. Food items were removed from the stomach, determined 
and measured to the nearest 0.1 ram. Dry weight of the different taxa 
was backcalculated with the relationships cited above. 
Table 1. Limnological lake characteristics. Total-P and chlorophyll-a values are means from 2-3 epilimnetic samples taken during summer 
stratification. SLDF: Shoreline development factor. Data from ECKMANN (1995). 
Gro3er Kleiner Kleiner Redernswalder Werbellinsee 
V~itersee (gv) D611nsee (kd) V~itersee (kv) See (re) (we) 
Surface area (klTi 2) 0.12 0.24 0.09 0.53 8.04 
Maximum depth (m) 13 8 14 12 50 
Shoreline (km) 1.5 2.3 1.4 6 27.2 
SLDF 1.2 1.3 1.3 2.3 2.7 
Total-P (lag L ~) 23 21 17 36 48 
Chlorophyll-a (pg L l) 4.2 9.8 2.8 8.8 4.7 
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Results 
Potential productivity and measures of com- 
plexity 
While the four smaller lakes had similar total-P concentra- 
tions during the spring turnover period in each year (Table 2), 
the total-P concentration in Werbellinsee was 20 Hg L-1 high- 
er in 1995 and 23 Hg L -1higher in 1996 than the highest value 
found in the smaller lakes in the respective year. Annual 
means of Secchi depth were higher in 1995 in all lakes sam- 
pled. Kleiner V~itersee had the highest Secchi depth values in 
both years. All other lakes had very similar mean values. The 
littoral zone of all lakes was partly covered by a reed belt and 
submerged macrophytes. Kleiner D611nsee and Rederns- 
walder See had the highest extension of reed belt and 
the highest cover with submerged macrophytes, whereas 
Werbellinsee had the lowest extension and cover (Table 2). 
Food resources 
Mean annual biomass of crustacean zooplankton was not sig- 
nificantly different between lakes (Fig. 1; One-way ANOVA 
with logl0 transformed values, F -- 0.75, p -- 0.56). Biomass 
of benthic macroinvertebrates ( xcluding astropods) was 
highest in Werbellinsee atall depths (Table 3). However, dif- 
ferences between lakes for each depth were significant only 
for depth 3 (Friedman two-way ANOVA, p < 0.05). Biomass 
in Werbellinsee was significantly higher at this depth than in 
the other four lakes (Nemenyi-test, p < 0.05), which were not 
significantly different. 
Table 3. Annual mean and standard deviation (SD) of benthic 
macroinvertebrate dry biomass (mg m -2) at three depth layers in 
1994. Number of samples per lake and depth = 6. 
Lake Depth layer (m) 
0.5-1 3-4 6-10 
Table 2. Total-P concentrations ( ampling periods: 28 March- 
31 March 1995 and 22 April - 29 April 1996), annual mean of Secchi 
depth (number of samples per lake and year = 6), extension of reed 
belt (- less than 25% of shoreline covered, + 25-50% covered, 
++ 50-75% covered, +++ more than 75% covered) and cover of the 
littoral zone with submerged macrophytes. 
gv kd kv re we 
X SD ~ SD X SD 
gv 330 338 595 524 197 133 
kd 466 410 636 485 326 306 
kv 321 290 1017 1042 67 28 
re 395 209 697 665 122 108 
we 881 657 1533 1279 1100 937 
Total-P (~g L ~) in 1995 17 28 21 26 48 
Total-P (og L ~) in 1996 35 30 35 34 58 
Secchidepth (re) in 1994 3.4 3.3 4.5 3.4 3.9 
Secchi depth (m) in 1995 4.4 4.5 5.4 4.4 4.3 
Extension of reed belt ++ +++ ++ +++ + 
Cover with submerged macrophytes + +++ ++ +++ + 
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Fig. I. Mean annual crustacean zooplankton dry mass in 1994. 
Number of samples per lake was 6. Error bars indicate standard devi- 
ation, gv = Groger V~tersee, kd = Kleiner DNlnsee, kv = Kleiner 
V~tersee, re= Rederuswaldersee, w  = Werbellinsee. 
Fish community structure 
Cyprinids formed the major part of the total fish biomass in 
the four smaller lakes (Fig. 2), while percids only dominated 
in Werbellinsee. Of these two major taxa, the roach was the 
dominating cyprinid species in all lakes and the Eurasian 
perch the dominating percid species. Total catch per unit ef- 
fort biomass was highest in Groger V~itersee and lowest in 
Kleiner V~itersee. A list of all fish species caught in a lake is 
given in ECKMaNN (1995). 
Growth and population structure of perch 
The mean backcalculated total lengths of age-1 perch ranged 
from 66.9 to 75.9 mm and showed significant differences 
between lakes (Table 4) (ANOVA with log-transformed val- 
ues, F -- 30.74, p < 0.0001). However, weak growth in the 
first year did not necessarily result in small sized fish at the 
age of five (e.g. Grof3er V~itersee and Kleiner D611nsee) and 
vice versa (e.g. Werbellinsee). This fact is reflected by the an- 
nual growth increments, which were lowest in the second 
year for all lakes, but increased in the following years 
(Fig. 3). This lake specific increase in growth enabled the 
perch from Kleiner D611nsee to outgrow those of Rederns- 
walder See and Werbellinsee, while those of Kleiner V~itersee 
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Fig. 2. Total standardized catch in kg [Catch per unit effort (CPUE) 
for a net area of 100 m 2 per net and night], caught with bottom set 
gillnets in the lakes studied in 1994. Number of fleets set per lake and 
year was 6. Abbreviations as in Fig. 1. 
Table 4. Mean backcalculated lengths (mm + 1 SE) of perch for age 
groups 1 to 5. Asterisk denotes ignificant differences between lakes 
(Tukey test, p < 0.05). Number of fish analysed per lake: gv = 96, 
kd = 92, kv -- 66, re = 79 and we = 131. 
Age Lake gv kd kv re 
X SE 
gv 66.9 0.7 
kd 70.2 0.8 * 
kv 68.0 0.9 * 
re 72.5 0.8 * 
we 75.9 0.6 * * 
gv 97.1 1.4 
kd 109.5 1.5 * 
kv 88.8 1.4 * 
re 106.4 1.7 * 
we 108.7 0.9 * 
gv 146.7 3.8 
kd 171.1 5.3 * 
kv 115.3 2.7 * * 
re 143.7 2.9 * 
we 151.7 2.4 * 
gv 206.8 4.3 
kd 258.3 10.5 * 
kv 161.0 6.7 * * 
re 188.3 5.0 * 
we 198.4 3.7 * 
gv 247.6 5.3 
kd 307.9 19.7 * 
kv 213.8 9.7 * * 
re 229.0 6.8 * 
we 229.5 5.3 * 
remained significantly smaller than those of 
Redernswalder See and Werbel l insee until the age of four 
(Table 4). 
Food 
Age-0 perch of all four lakes analysed had mainly consumed 
planktonic crustaceans in August and September 1995 (Fig. 
4). Whi le copepods formed a large part of the diet in the 
smaller lakes, daphnids were the largest single component  in 
Werbell insee. Perch of the size-class 100-150 mm were part- 
ly piscivorous in all of the three lakes studied, though those 
of the two smaller lakes (Grol3er V~itersee, Kleiner D611nsee) 
had much higher proportions of fish in their food in June 
and July 1994 than those of Werbel l insee (Fig. 5). Perch 
>150 mm from all three lakes were piscivorous, those from 
120 
g 
~- 100 - 
Z uJ 
"' 80-  n- 
O z 
-I- 60-  
I=- 
O C¢ 40-  
¢3 
.J 
20-  
Z Z 
0 
.............'"'"'" 
/-" 
..... 
" ~ ~ ~ * ,  .. ...-" s~ ~ " , ,~- '  
i i i i ! 
1 2 3 4 5 
AGE 
m-- .  gq 
........... kd 
. . . .  kv 
- - - -  re 
w~ 
Fig. 3. Backcalculated mean annual growth increment of perch from 
the five lakes studied. Measures of precision are omitted for clarity. 
Abbreviations as in Fig. 1. 
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Fig. 5. Percentage volume of prey categories consumed by two 
perch size classes (total ength 100-150 mm and >150 mm). The 
crayfish Orconectes limosus was treated as a separate benthos cate- 
gory due to its large individual size. Number of stomachs with con- 
tents analysed per month, size class and lake ranged from 5-24. 
Months with less than five individuals were omitted. Abbreviations 
as in Fig. 1. 
Kleiner D611nsee and Grol3er V~itersee having further utilised 
the crayfish O. l imosus as an important food resource, in con- 
trast to those from Werbellinsee that had consumed smaller 
benthic prey (mainly chironomids). 
Adult roach from all three lakes had consumed plant mate- 
rial to a high extent which consisted of macrophytes and fila- 
mentous algae (Fig. 6). The second largest food category con- 
sumed by roach was plankton in Groger V~itersee, aquatic 
gastropods in Kleiner D611nsee and other benthic inverte- 
brates in Werbellinsee. 
Fish biomass - structural complexity 
relationships 
To correlate the fish biomass with measures of complexity, 
we replaced the cover and extension categories in Table 4 
with values from zero to four. Perch biomass (Catch per 
unit effort, CPUE) showed a strongly negative correlation 
with submerged macrophyte cover and reed belt extension 
(Table 5). Despite the high values of the Spearman corre- 
lation coefficients (rs), both relationships were not signifi- 
cant (p > 0.1). It should be noted though that type two 
error was 0.29 in the first and 0.23 in the second case 
(c~ = 0.1; n = 5). Cyprinid biomass (CPUE) was positively 
correlated with both complexity variables, though very 
low in the case of submerged macrophyte cover. The cor- 
relation with the SLDF was positive in the case of perch 
and negative in the case of roach. None of the relation- 
ships were significant (p > 0.1). While SLDF was not cor- 
related with either measure of complexity (rs = 0 and 0.01 
respectively) it was significantly correlated with lake size 
(rs = 0.97, p < 0.05). As correlations with lake size resulted 
in similar values of r s, effects of these two variables cannot 
be separated. 
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Fig. 6. Percentage volume of food categories consumed by roach of 
a total length >120 mm. The category "plants" comprises macro- 
phytes and algae. Number of filled guts analysed per month and lake 
ranged from 5-26. Abbreviations as in Fig. 1. 
Table 5. Spearman rank correlation of perch and roach biomass 
(Catch per unit effort, CPUE) with cover of submerged macrophytes, 
extension of reed belt, shoreline development factor (SLDF) and lake 
size. All correlation coefficients are not significant (p > 0.1). Number 
of samples was 5 for each data set. 
Perch biomass Roach biomass 
(CPUE) (CPUE) 
Submerged macrophyte cover -0.79 0.16 
Reed belt extension -0.74 0.53 
SLDF 0.66 -0.36 
Lake size 0.5 -0.4 
Discussion 
Contrary to our prediction, perch did not dominate the fish 
communities of all five lakes chosen for this study. While we 
used total phosphorus concentration during spring mixis as a 
measure of potential productivity, PERSSON et al. (1991) or- 
dered their lakes according to summer chlorophyll-a mea- 
surements. They found percid dominance within a small win- 
dow of 4-6 big Chl.-a L -~, which is equivalent to a spring total 
phosphorus concentration of 16-36 btg L ~ according to the 
regression of DILLON & RIGLER (1974). Even if the bound- 
aries of this window would be treated less rigidly (e.g. 10 to 
50 ~g L-l), they would still be nearly an order of magnitude 
below those found by HARTMANN (1977a, b) for lakes with 
perch dominance. The discrepancy between the two earlier 
studies might be caused by the different ypes of lakes cho- 
sen. While the study of PERSSON et al. (1991) was restricted to 
Swedish lakes, HARTMANN (1977a, b) used fisheries tatistics 
from a variety of European lakes. However, it should be 
stressed that in the latter study a dominance of perch was typ- 
ically observed in large and deep prealpine lakes undergoing 
severe eutrophication and which have no equivalent in the 
study of PERSSON et al. (1991). Compared to HARTMANN 
(1977a, b), the four smaller lakes studied by us were well 
within the chlorophyll range of those with percid dominance 
in the study of PEaSSON et al. (1991). That the lakes chosen 
for our study were not very productive is further stressed by 
the occurrence of submerged macrophytes in all lakes, a typi- 
cal feature of stratified lakes not affected by phytoplankton 
blooms (WETZEL 1983). 
In contrast to theory, cover with submerged macrophytes 
or any other measure of complexity was not linked with a 
high biomass of perch in our study. Annual growth incre- 
ments of age-1 and age-2 perch in the two lakes with the 
highest cover with submerged macrophytes (Kleiner 
D611nsee and Redernswalder See) were similar to those of the 
two lakes with low cover (Groger V~itersee and Werbellinsee, 
cf. Table 4 and Fig. 3). This result is supported by the diet 
analysis showing that juvenile perch in the small lakes 
switched to piscivory early (Fig. 5). Consequently, a benthiv- 
orous stage does not seem to be essential for good growth, 
provided that perch can grow to large enough sizes by con- 
suming zooplankton and a sufficiently high density of small 
fish is available to perch during their juvenile life stage. Such 
an early switch to piscivory has been documented for the Eu- 
ropean perch in several cases (e.g. SPANOVSKA & GRYGORASH 
1977; VAN DENSEN 1985; MEHNER et al. 1996). However, it is 
still widely accepted that juvenile perch have to pass through 
a benthivorous stage as was described first by ALLEN (1935) 
for Lake Windermere and confirmed later by other authors 
(e.g. SMYLY 1952; GUMA'A 1978; BERGMAN 1991). 
The lack of a clear switch to benthivory within the first 
summer might not only be related to low interspecific compe- 
tition for zooplankton, but also by a limited availability of 
benthic invertebrates. Interannual variability of littoral benth- 
ic invertebrate biomass is relatively small, as found e.g. by 
PERSSON (1986a), making it unlikely that biomass values in 
1995 were much lower than in 1994, the year of sampling. A
comparison of our 1994 values (Table 3) with an earlier study 
where perch predominantly consumed chironomids at total 
invertebrate biomass levels of less than 150 mg m : (PERsSON 
1986a), indicates that resource limitation was probably not 
the reason for age-0 perch to continue to feed on zooplankton 
in August and September 1995 (Fig. 4). 
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The importance of submerged macrophytes as a refuge is 
put into a different perspective if success of antipredator be- 
haviour is taken into consideration. Juvenile roach had signif- 
icantly higher survival rates compared with perch in experi- 
ments with simulated macrophytes a  refuge and piscivorous 
perch as predators (CHRISTENSEN • PERSSON 1993; PERSSON 
& EKLOV 1995), whereas juvenile perch used crevices on the 
bottom with higher success in the experiments han the roach 
(CHRISYENSEN & PERSSON 1993). This is confirmed by whole 
lake studies, where roach were rarely (RADKE 1998; HORPIL- 
LA et al. 2000) or not (PERSSON et al. 1999) found in the food 
of piscivorous perch. 
Recently, direct evidence of increased size-dependent mor- 
tality of age-0 perch was found in whole-lake xperiments 
(BYSrROM et al. 1998) where roach were introduced into two 
of four lakes formerly not having roach populations and, due 
to competition for zooplankton, caused a significant decrease 
in the growth of the age-0 perch compared to those in the con- 
trol lakes. As a result he juvenile perch suffered high size-de- 
pendent overwinter starvation mortality in the lakes stocked 
with roach. It should be noted though that the experiment was 
carried out under the conditions of boreal climate, where the 
growing season is much shorter than under those of temperate 
climate. Consequently, the less harsh winter conditions in 
Central Europe lead to negligible size-dependent overwinter 
starvation mortality (RADKE & ECKMANN 1999). 
As an alternative hypothesis, we suggest hat mortality 
caused by cannibalism ight have been the most important 
factor structuring the perch populations in the lakes of our 
study. This is supported by the frequent occurrence of juve- 
nile perch in the diet of the piscivorous perch (RADKE 1998), 
which is a common phenomena in many perch populations 
(e.g. THORPE 1977; TREASURER 1989, 1993; TREASURER et al. 
1992; BYSTROM et al. 1998; PERSSON et al. 1999). However, a 
thorough test of this hypothesis i still needed, as an estima- 
tion of absolute biomass of piscivorous perch in the lakes and 
a subsequent consumption estimate was not feasible within 
the scope of this study. 
Summarizing, the results of our study do not support pre- 
vious findings and hypotheses which predict a maximum of 
perch biomass in lakes of medium productivity. This is 
stressed by the fact that the largest lake with the highest po- 
tential productivity was the only one to hold a dominating 
perch population. Apparently, a high cover of submerged 
macrophytes supporting ood growth of juvenile perch and 
an early switch to piscivory does not seem to be essential for 
building up and sustaining a large perch population as hy- 
pothesized earlier. 
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